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The design of works for control of water requires the 
estimate of future run-off. This is usually done by taking 
the probability of occurrence a priori equal to that a 
posteriori, which procedure often based on short records 
does not take into consideration the oscillations in pre- 
cipitation which occur. Longer records do not entirely 
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solve the problem for the existence of long-term trends in 
rainfall and hence run-off is an established fact. (1) A 
better procedure is to analyze these trends and oscilla- 
tions and to estimate their extrapolation for such length 
of time as may be involved in the project under considera- 
tion. Covering shorter periods such estimates have their 
value for operating purposes. For hydroelectric plants 
the estimate of next year's output is of value. The water 
output is of value. The water supply of large cities and 

the operation of irrigation reservoirs require an estimate 
of the balance of water reoeivable into and to be drawn 
from storage in order to anticipate remedial measures in 
case of expected de letion. 

Precipitation an8  run-off are, in engineering, usuauy 
regarded as chance phenomena. Adoption of such a 
fortuity theory renders a solution of above problem 
impossible. It is, moreover, not entirely true. While 
indeed the short-term variations exhibit som0 fortuitous 
characteristics, typical oscillations and trends of longer 
duration may be isolated from the observations. It is 
remarkable t'hat run-off, notwithstanding its dependence 
on a multitude of variable factors such as transpiration, 
seepage, evaporation, topography and geology, exhibits 
more regular features than rain-gage data, probably on 
account of the equalizing effect of large drainage area8 
and ground storage. 

In previous study (2) a method was given suitable for 
estimating run-off. Application on the Manistee River 
in Michigm is given in Figure 1. The Manistee River a t  
the point selected has a drainage area of 1,451 square miles 
It originates on the high plateau of glacial till and over- 
wash which covers the Lower Michigan Peninsula 600 
feet deep, and empties into,Lake 'Michigan. In  the 
12,000 years since retreat of the last ice sheet (3) the river 
has excavated a deep valley in this glacial till which forms 
a vast underground storage reservoir resulting in excep- 
tionally even flow (fig. 1) with a maximum range of 
variation of the yearly average of f 30 per cent of the 
mean, which is smaller than usual. 

In order to render the hydrograph a (fig. 1) suitable 
for extrapolation, it must be reduced to an equivalent 
curve of simpler form e (fig. 1). It appears that this is 
possible in the following manner: The monthly averagea 
are added four times and the result reduced to phase and 
scale dividing by 16 and displacing 2 months. (See 
Table 1.) The result is now subtracted from column 1 
and gives the fisst stratum,$ Then, the first residual 
(column 5) is again four times added with an interval of 
2 months. Thus, if the monthly figures are a, b, e, d, e, 

is repeated four times. The result is again divide This. Tin by 
these sums are formed a + c,  b +d, c + e, etc. 

16 and displaced 4 months in order to reduce to correct 
scale and phase. (Column IO.) Subtracting column 
10 from column 5 gives the second stratum, g. An 
example of the summation is given in Table 1; it may 
be carried on until the end of the record. 

A median line can now be drawn through the oscilla- 
tions of the first stratum, and it may be seen that this 
median line in appearance follows the outline of stratum 
g. The difference between this median line and the 
first stratum, plotted separately, gives cycle b. 

This median line is now added to the second stratum g 
and a median line drawn t h o u  h this corrected curve. 
I t  may be seen that this med ianke  in appearance again 
follows the outline of the remaining residual and it is 
added to this. The difference, with the second stratum 
separately plotted, gives c cle c. 

the oscillations above and below this line separately 
plotted. This gives cycle d. 

The original hydrograph is equal to the sum of the 
4 elements 6,  c, d, and e. We have now the following 
remarkable result: 

A median line is now J rawn through residual e, and 
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Averaging rixidual c year by year, we obtain within 
a few per cent the average yearly flow of the river. The 
hydrograph is therefore equivalent to residual e in giving 
the average annual flow. 

In other words, the sum of elements 6 ,  c and d over each 
year is practically equal to zero. 

A closer inspection of b, c and d shows that d is an 
annual fluctuation variable in amplitude, but with a 
constant eriod of one year, c is a six month cycle, also 

are so regular in appearance that there can not be any 
suggestion of fortuity. These oscillations are apparently 
seasonal. 

Cycle b is more irregular oscillation and suggests 
presence of a fortuitous element. The annual peaks 
vary from three to five in number. Nevertheless, it  offers 
some regular features. A maximum occurs for instance, 
in April each year except in the lowest year 1925. I t  is 
this cycle which precludes estimate of run-off month 
by month although taken over a whole year, the sum 
is ractichy zero. 

!hew three cycles are therefore seasonal fluctuations 
m u n d  a mean value expressed in residual e. They do 
not affect the mean flow of the year. 

The hydrograph is now reduced to an equivalent 
residual e. This residual is of such simple appearance 
that it may be extrapolated with a certain degree of 
probability. The following points are here to be 
observed : 

The record, if extending over a whole number of years, 
is shortened by repeated addition, so that residual c does 
not extend to the end of the year. It is easily extended 
because the mean flow for the last year of the record is 
known and must be equal to the mean of element e over 
that year. 

We know, therefore, the starting point of residual e for 
the year to come. The extension is aided by several 

with, a relation with the Wolf 
To 

considerations. 
numbem may be estab shed, which for some regions, as 
this one, is very pronouqced. Two maxima appear in 
an 11-year period, one d u m g  minimum and another dur- 
ing sunspot maximum. Also, the observation of Doctor 
Bsuer 4 that i t  is the rate of change rather than the 
absolute magnitude of the Wolf numbers which is the 
important factor, seems to ap ly to run-qff in this region. 

somewhat. Hence, we may expect that the extension e 
for 1928 is not materially higher than 1927. Likewise 
a low flow in 1928 can not be ex ected for the same 

low u or y. A further consideration favors both. &per- 
imposed on e are oscillations with a variable eriod which 

a+ in the b w i n g  of 1928. Then the annual cycle 
p e a  an indication of the extension of c. The minimurn 
m 1927 is located a t  such a point, that the msxipum in 
1928 can not be very high (point o), and hence it i s  un- 

of variab P e amplitude and constant period. C and d 

The maxima in run-off leads t % e maxima in Wolf numbers 

reason and the extension of e may t Y l  erefore perha s fo!- 

are about 1.5-1.6 years apart and which sho 3 d culminate 
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likely that e will rise abruptly as the amplitude of point 
o over e is already as small as occurred through the record. 
On the other hand, the relation to the Wolf numbers 
precludes the probability of an abrupt decline. 

These considerations allow an 

more than 5 per cent. 
The above considerations are based on the existence of 

a continuity in the mean annual values of run-off as dis- 
closed by residual e. Adopting a fortuitous sequence 
such estimates as the above become impossible. The 
estimate has no ractical value as an interpretation of 

is, of course, the issue which determines its practical im- 
portance. But, for all works involvin annual stora e 
of water, the estimate is of value. Whfe of proven reg- 
ability in the wet regions its a plicability to semi-arid 

next year’s rainfa 7 1, for the seasonal distribution thereof 

regions has not been investigate a . 
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TABLE l.-Residua.tion of Manistee River hydrograph 
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